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INTRODUCTION. 
In a  recent paper  I I described experiments indicating that the 
molecular  rate  of  action of  penetrating and parthenogenetically effec- 
tive acids (fatty  acids, carbonic acid,  benzoic acid) is determined 
primarily by their  strength as  acids.  In a  pure solution  of  any single 
acid (within the range of concentrations effective  in activation)  the 
activation  process within the egg proceeds at a rate  which is  closely 
proportional to the concentration of acid.  If, comparing different 
acids,  we consider solutions  having as nearly as possible the same 
physiological  effect,  e.g.,  causing complete activation in 10 minutes 
at 20  °,  we find  a significant  relationship:  namely, the square root of 
the product of the dissociation  constant into the concentration of 
acid appears nearly constant.  Since the CH shows a  similar propor- 
tionality in solutions of weak acids in the absence of their salts (CH  = 
~¢/K  )< C acid), this  relationship might seem to indicate that the CH 
of the external solution is the essential factor determining the rate of 
action.  This,  however, is  shown not  to  be the case by the effects 
following the addition of the sodium salt of the acid to the solution. 
For example, the addition of .002 ~  Na acetate to the .002 ~  solution 
of acetic acid lowers the ionization of the acid--from ca. 10 per cent to 
ca.  1.5 per cent--thus bringing the CH  nearer to neutrality and cor- 
respondingly increasing the concentration of undissociated molecules. 
The fact that the rate of activation is increased by this addition, and to 
x Lillie, R. S., J. Gen. Physiol., 1925-27, viii, 339. 
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a degree (ca.  10 per cent) corresponding closely to the estimated in- 
crease in the undissociated molecules of acid, indicates that the essen- 
tial factor in the activating effect is the concentration of the undis- 
sociated free acid in the external solution, and not the concentration 
of the ions of the acid.  Apparently the undissociated acid molecules 
penetrate the egg rapidly and dissociate in its interior, serving there 
as a source of H ions; these then in some way induce activation, at a 
rate proportional to their concentration.  The observed relationship 
between the strength of the acid and its activating effectiveness  is thus 
explained.  The rate of the  activation reaction,  within  the  appro- 
priate range of CH, would thus seem to be directly proportional to the 
CH at the site of the activation reaction inside the egg, apparently in 
the cortical region of the latter. 
Since this relation is an  interesting one, I  have continued these 
experiments during the past summer, using several additional acids. 
The number of acids available for this purpose is not large.  Many 
apparently effective acids which cause typical membrane formation 
and early cleavage have a  secondary toxic action and the eggs die 
before reaching the blastula stage.  This is the case, for example, with 
caprylic acid and the three chloroacetic acids; and during the past 
summer the same was found true for phthalic acid.  The membrane- 
forming action, taken alone,  has a  certain value as an index of the 
relative physiological effec'tiveness of acids; thus the relative rates of 
action of mono-, di-, and trichloroacetic acids as thus estimated are in 
the order of their dissociation constants;  1 but this test is a less satis- 
factory one than  the production of blastulae  in  a  large proportion 
of eggs,  and the latter index has been mainly relied upon in  these 
experiments. 
It  seemed  probable  that  the  question  of  the  relation  between 
strength and activating efficiency could best be  tested by using  a 
series of acids varying in strength but similar in their constitution and 
presumably also in their ability to penetrate the egg.  Since benzoic 
acid had proved highly effective as an activating agent in low con- 
centrations (.00025 ~  to  .001 ~),  experiments with a  series of  sub- 
stituted  benzoic acids  were  tried,  including phthalic,  salicylic,  o-, 
m-,  and  p-chlorobenzoic,  and  o-,  m-,  and  p-nitrobenzoic.  These 
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a  wide range of dissociation constants.  The following are the values 
given in the Landolt-B6rnstein Tables :~ 
TABLE I. 
Acid  Dissociation constant 
Salicylic  ....................................................... 
Phthalie (first constant) ........................................ 
o-Chlombenzoi¢  ............................................... 
m-Chlombenzoi¢  .............................................. 
p-Chlorobenzoie  ............................................... 
o-Nitrobenzoie  ................................................. 
m-Nitrobenzoi¢  ................................................ 
p-Nitrobenzoic  ................................................ 
6  x  10  4 
1.06 ×  10  -s 
1.26 x  10-* 
1.32 x  10  -a 
1.55 x  10  -4 
9.3  x  10  "~ 
6.3  XlO  -s 
3.5  x  10-4 
4.0  x  10-4 
The method used was the same as in the previous series.  The acids 
were dissolved in isotonic NaC1-CaCI2 solution  (100  volumes 0.52  M 
NaC1  +  5  volumes 0.5 M CaCI~).  100 cc. of a given solution of acid 
(at 20  °)  was added to  1 or 2  cc. of a  dense suspension of the eggs in 
sea water, and at regular intervals (of 1 or 2 minutes) eggs were trans- 
ferred in serial order to bowls containing sea water.  Later the eggs 
were examined and the proportions developing to a  swimming stage 
(blastula or gastrula)  were determined. 
Results  with Different Acids. 
The  following summaries  give  the  essential  results  obtained  with 
pure solutions of the various acids. 
Benzoic Acid.--The results previously obtained with this acid were confirmed. 
Using the concentrations,  .0004 M, .0005 M, and .0006 M, the characteristic opti- 
mum exposures were, respectively,  12 to 16 minutes,  10 to 12 minutes,  and ca.8 
minutes.  A large majority of eggs thus exposed (varying from 70 to 90 per cent 
in different experiments)  formed blastula~. 
Phthalic  Ac/d.--The concentrations used were .0002 M, .0003 M, .0004 M, and 
.0006 M, with exposures  ranging from 2 to 20 minutes.  This acid proved in- 
effective  as  an activating agent, apparently because  of some  secondary toxic 
action.  It forms typical membranes,  but the eggs break down before reaching 
2 Landolt, H., and Biirnstein, R., TabeUen, Berlin, 5th edition, 1923, 1138 et seq. 706  ACTIVATION  OF  STARFISH EGGS  BY  ACIDS.  II 
swimming stages.  3?he minimum exposures required to form membranes in 90 
per cent (or more) of the eggs were (for the above four concentrations), respec- 
tively, 10, 6, 4, and 2 +  minutes.  The rate of membrane-forming action is thus 
closely proportional to concentration; it is, however, slower than that of benzoic 
acid, which in concentrations so low as .00025  ~  forms membranes in nearly all 
eggs with exposures of 2 to 3 minutes.  This relatively gradual action of phthalic 
acid, as compared with the weaker benzoic acid, may be an indication of slower 
penetration, and has its parallel in the slowness of action of o-nitrobenzoic acid. 
The specific toxicity of the acid is an independent property, apparently analogous 
to that of oxalic acid. 
Salicylic  Acid.--In  appropriate concentrations  (.0002  •  to  .0006 ~r) this acid 
causes typical activation in a large proportion of eggs.  Its molecular rate of action 
is between two and three times that of benzoic acid; its toxicity also is distinctly 
greater.  An exposure of 2 minutes to the .0002  M solution is sufficient for mem- 
TABLE  II. 
Salicyclic  Acid.  Temperature  20  °. 
Concentra-  tion  Optimum exposures  and percentages  of  eggs  forming blastul~e 
i/ 
• 0002 
• 0003 
.0004 
.0006 
(7 series)  16 rain. (20-25 per cent); 14-16 rain. (ca. 50 per cent); 13-15 rain. 
(35--45 per cent);  16--18 rain.  (65-70  per cent);  12-14  rain.  (50--60 per 
cent); ca. 16 min. (70-80 per cent); 14 min. (3545 per cent) 
(2 series) 8-10 rain. (30-40 per cent); 7-6 rain. (20-30 per cent) 
(3 series)  8-10 min. (5-10 per cent); 8--10 rain. (30--40 per cent); 5-6 rain. 
(25--30 per cent) 
(1 series)  2-4 min. (few) 
brane formation; exposures of 14 to 16 minutes (the optimum for .0002  M) cause 
most eggs to form blastulm.  Stronger solutions act more rapidly, but less favor- 
ably.  Within the above range the rate of action is approximately proportional 
to concentration.  The following is a summary of observations made during June, 
1926, with good controls (Table II). 
Chloro-  and  Nitrobemoic  Acids.--With  the exception  of  o-nitrobenzoic acid, 
all the acids of this group activate more rapidly than benzoic acid.  In the case of 
the meta- and para-acids the greater rate of action corresponds closely with that 
calculated from the dissociation constants.  It is remarkable, however, that both 
ortho-acids, particularly o-nitrobenzoic acid, are much  less effective than  their 
very considerable strength as acids would lead us to expect.  The following sum- 
maries give the chief observations with the single acids. 
o-Ctdorobenzoic  Ac/d.--This acid  is somewhat more rapid in  its action than 
benzoic acid; its specific toxicity is also greater, and fewer eggs form blastulae at RALPH  S.  LILLIE  707 
the optimum exposures•  The  following series (Table HI)  is  typical  (June  18, 
1926)• 
m- and p-Chlorobenzoic  Adds.--These  acids are closely similar in their rates of 
action.  On account of their slight solubility the concentrations used were limited 
to .00025  u  and .00035  u  for the m-acid, and .00025  M for the p-acid)  The fol- 
lowing results are typical (Table IV). 
All three chlorobenzoic acids act more rapidly than benzoic acid, but the ortho- 
acid is decidedly slower in its action than the other two, which are closely similar. 
This difference is illustrated in the series summarized in Table V, in which equi- 
molecular solutions (.00025 M)  of the four acids were compared in their action 
on the same lot of eggs. 
TABLE  III. 
o-Chlorobenzoic  Acid.  Temperature  20  °. 
Concentration  Optimum exposures and percentages of blastube 
K 
.0002 
.0003 
.0004 
•  0005 
Ca. 34 rain. (30--40  per cent) 
22-26 min. (35--45 per cent) 
12-14 rain. (20-25 per cent) 
Ca.  8 min. (20-25 per cent) 
TABLE  IV. 
m- and p-Ctdorobenzoic  Acids.  Temperature 20  °. 
Solution  Optimum exposures and percentages of blsstuke 
M 
(m-Chlombenzoic) . 00025 
•  00035 
(p-Chlombenzoic)  . 00025 
(1 series) 7-8 rain.  (35-45 per cent) 
(1 series) 3-4 min.  (30--40  per cent) 
(3series)  7-9m  in. (25-35  per  cent);  7-8  rain. 
(30-40 per cent) 9-11 rain. (65-75 per cent) 
Ortho-chlorobenzoic acid, although the strongest of the three chloro-acids, acts 
more slowly than  the meta- and para-acids and apparently is somewhat more 
toxic; of the two latter the meta-acid is somewhat the more effective.  This un- 
expected behavior of the  ortho-acid seems to  indicate some difficulty in  pene- 
tration, as in the analogous case of o-nitrobenzoic acid. 
s The concentrations of the saturated solutions in  distilled water were deter- 
mined by titration with N/50 NaOH, using brom thymol blue as indicator.  The 
solutions in isotonic NaC1-CaCI2 were made by  diluting the distilled water solu- 
tion with a  concentrated NaC1-CaC12  solution of a  strength such  that when  the 
dilution was made the resulting solution was isotonic. 708  ACTIVATION  O]?  STARFISH  EGGS  BY  ACIDS.  II 
o-Nitrobenzoic Acid.--This  acid, the strongest of the group, is somewhat sur- 
prisingly ineffective.  Exposures  up  to  14  minutes,  with  the  concentrations 
.0002  5, .00025  M, .0003 M,  .0004  ~,  and .0005  za,  gave  only slight activation 
in any case.  The longest exposure (14 minutes) to the .0005 za solution resulted 
in less than 1 per cent of blastula~.  The membrane-forming  action is also gradual, 
indicating slow penetration; the exposures  required to  form membranes in 50 
TABLE  V. 
Benzoic and Chlorobenzoic Acids.  Temperature 20  °. 
Acid  Optimum exposures  and  percentages  of blastulm 
•  00025 
Benzoic 
o-Chlorobenzoic 
m-Chlorobenzoic 
p-Chlorobenzoic 
Longest  exposure 24  min.  (20-30 per  cent);  optimum not 
reached 
Optimum not reached; ca. 5 per cent blastulae  at 12 min. 
7-8 rain. (35-45 per cent) 
9-11 rain. (65-75 per cent) 
The exposures were 1 to 24 minutes for benzoic acid and 1 to 12 minutes for the 
other three acids; eggs were transferred to sea water at intervals of 1 minute. 
TABLE  VI. 
m-Nitrobenzoic  Acid.  Temperature 20  °. 
Concentrs.-  tion  Optimum  exposures  and  percentages  of  blastulm 
K 
.0001 
.0002 
.00025 
.0003 
•  0004 
.0005 
(1 series) few membranes formed up to 30 minutes exposure 
(3 series)  18-24  rain.  (40-50 per  cent);  24-28  min.  (ca.  50  per  cent); 
24--28 min. (ca. 50-60 per cent) 
(3 series) 12-16 min. (30--40  per cent); 16-18 rain. (40-50 per cent); ca. 6 rain. 
(30--40 per cent) 
(5 series) 10-12 min. (ca. 50 per cent); 8-12 rain. (30-40 per cent); 8-10 rain. 
(30-35 per cent); 5-7 nfln. (10-15 per cent); ca. 4 min. (25-35 per cent) 
(3 series) ca. 6 min. (20-25 per cent); 5-6 min. (20--25 per cent); 4-5 min. (ca. 
10 per cent) 
per cent of eggs,  with the concentrations •0002 5,  .0003 ~, and .0004  ~r, were, 
respectively, 7 to 9 minutes, 6 to 7 minutes, and 4 to 5 minutes.  Membranes are 
formed by the .0002 ~ solutions of the other substituted acids and benzoic acid in 
2 to 3 minutes. 
m-Nitrobenzoic  and  p-Nitrobenzoic  Acids.--A  summary, of  the  observations 
with these acids is given in Tables VI and VII.  The two are closely similar in their 
action, with the p-acid slightly more rapid and slightly more toxic than the m-acid. RALPH  S.  LILLIE  709 
The differences between benzoic acid and the nitrobenzoic acids are  brought 
out clearly in the series summarized in Table VIII, in which the four acids in equal 
concentrations (.00025 ~) were used with the same lot of eggs. 
It  is  clear  that  nitro-substitution  in  the  meta-  and  para-positions 
greatly increases the effectiveness of benzoic acid.  The same  is  true 
TABLE  VII. 
p,Nitrobenzoie  Acid.  Temperature  20  °. 
Concentra-  tion  Optimum exposures  and percentages of  blastuke 
M 
•  0002 
•  00025 
.0003 
•0004 
• 0005 
(1 series) 16-18 re_in. (20-25 per cent) 
(1 series) 9-10 rain. (30-35 per cent) 
(3 series)  8-12  rain. (10-20 per cent); ca• 6 min.  (15-25 per cent); 4-5 rain. 
(25-30 per cent) 
(3 series) 6-8 min.  (10-20  per cent); 3-4 rain.  (15-20  per  cent); 3-4 min. 
(20-25 per cent) 
(3 series)  3-4 min.  (15-20 per cent); 4-6 rain.  (5-10 per cent); ca. 3  rain. 
(15-20 per cent) 
TABLE  VIII. 
Benzoic  Acid and Nitrobenzoic  Acids•  Temperature 20  °  (July  26,  1926). 
Acid  Optimum exposures and percentages of blastul~ 
•  00025 
Benzoic 
o-Nitrobenzoic 
m-Nitrobenzoic 
p-Nitrobenzoic 
30 min. -4- (50 per cent at 30 rain., the longest exposure) 
Action slow; 7 min. required to form membranes in 50 per cent 
of eggs; almost no blastuke formed up to 12 rain. 
11-12 rain. (35-50 per cent) 
9-10 rain. (30-35 per cent) 
With benzoic acid eggs were  transferred to sea water at 2  minute intervals, 
from 2 to 30 minutes; with the other acids at  1 minute intervals, from  1 to  12 
minutes• 
of  chlor-substitution.  The  relative ineffectiveness  of  o-flitro  acid is 
difficult to  understand,  but  is probably  connected with  its relatively 
great strength  as an acid (K  =  6.3  ×  10-8).  It is stronger than sali- 
cylic acid (K  =  1.06  X  10 -~) and formic acid (K  =  0.22  ×  10 -3)  and 
decidedly stronger than  lactic acid  (K  =  0.14  ×  10-0  which also is 710  ACTIVATION  OF  STARFISI~I  EGGS  BY  ACIDS.  II 
ineffective as compared with the fatty acids.  Of the first five fatty 
acids formic acid is  the least  effective in  relation to  the  CH  of  its 
solutions#  a  peculiarity probably  related  to  its  greater  strength. 
The comparative ineffectiveness of the mineral acids is well  known; 
in this case the difficulty is one of penetration.  The indications from 
membrane formation are that ortho-nitrobenzoic and lactic acids also 
penetrate the egg slowly.  The factors determining the rate of pene- 
tration are insufficiently known at present.  Surface activity is un- 
doubtedly important,  but  the  relation  to  ionization  as  such  is  un- 
certain, as indicated (e.g.) by the differences between salicylic acid and 
the equally strong ortho-benzoic acids. 
Relation  between Strength  and Activating  Effectiveness  of  Penetrating 
Adds. 
If  we  again  4 compare  the  concentrations of pure  acid  solutions 
having equal rates of action,  taking as  the standard  rate that  cor- 
responding to an optimum exposure in 10  minutes at 20  °, the values 
(approximate) given in Table IX are obtained.  This table includes 
the results of the earlier experiments with fatty acids and  carbonic 
acid  I as well as those of the present series.  The second column gives 
the concentrations of the physiologically equivalent solutions, and the 
last  column the calculated H  ion concentrations of these solutions. 
While some degree of irregularity is shown, the CH values are evidently 
closely similar; with the exception of formic acid and the two ortho- 
benzoic acids, all lie between 1.1 and 2.1  ×  10 -4 N and the majority 
between 1.6 and 2.1  ×  10 -4 N (pH =  3.7 -3.8).  The relation between 
the strength of the activating acids and their rate of action is thus a 
direct one, in conformity with the general idea that the rate  of the 
activation reaction is determined by the intracellular CH.  We may 
infer that activation begins when a certain critical CH is attained at the 
localized site of the reaction (appar.ently in the egg cortex) and pro- 
ceeds at a rate which is closely proportional to this CH.  The reaction 
reaches its completion in a time determined by CH and temperature, 
and in  some way transforms the egg from the resting to  the  auto- 
matically developing state. 
4  Lillie,l Table XII, p. 364. RALPH  S. LILLIE  711 
These estimates of CH are subject to correction,  since they do not 
take account of the increased dissociation which the weak acid almost 
certainly undergoes in the presence of the neutral salt; the possibility 
should also be considered  that  there are other factors within  the egg 
influencing dissociation, such  as  the electrically polarized state of the 
structural  surfaces  at  or near  which  the  activation  reaction  occurs. 
The  precise degree  of  the  neutral  salt influence  is  as yet  unknown; 
but the physiological effects indicate that in the case of acetic, benzoic, 
TABLE  IX. 
Approximate  Concentrations  of Acids  Causing  Complete  Activation  in  10 
Minutes  at 20  ° . 
Acid  Concentrations  Dissociation  Calculated  C  H o5 
constants  solutions 
Fo c  ..................... 
Acetic  ...................... 
Propionic ................... 
Butyric  ..................... 
Valeric ..................... 
Caproic  ..................... 
Carbonic  .................... 
Benzoic  ..................... 
Salicylic .................... 
o-Chlorobenzoic ............. 
m-Chlorobenzoic ............. 
p-Chlorobenzoic  ............. 
o-Nitrobenzoic  .............. 
m-Nitrobenzoic .............. 
p-Nitrobenzoic  ............... 
M 
•  0008 
•  0025 
•  0024 
•  0022 
.0018 
•  0014 
•035 
.0005 
.00025 
• 00045 
•  0002 
•  00025 
(?) 
•  00035 
•  00025 
2.2  X  10  4 
1.8  X  10  4 
1.4  X  10  4 
1.4  X  10  "~ 
1.4  X  10  4 
1.45 X  10  4 
3.2  X  10-~ 
6  X  10  "~ 
1.06 X  10  -s 
1.32  X  10  "~ 
1.55 X  10  4 
0.93 X  10-4 
6.3  X10 ~ 
3.5  X  10  "~ 
4.0  X 10  "~ 
(C  H X lOq 
4.2 
2.1 
1.8 
I. 75 
1.6 
1.4 
1.1 
1.7 
2•I 
3.5 
1.15 
1.12 
(?) 
2.1 
1.7 
and salicylic acids dissolved in 0.5  M NaC1 it is equivalent  to  a  two- 
fold or threefold increase in the dissociation constant. 5  This is clearly 
seen in the manner in which the action of the acid varies in the presence 
of varying concentrations of its salt  (cf. next section). 
As just indicated, it is possible that the salt influence in the interior of the egg 
may be supplemented by other factors peculiar to the egg system.  For example, 
the  orientation of  the  adsorbed molecules of acid at  the  structural interfaces, 
with  the  carboxyl groups  directed toward  the  water phase,  as Harkins'  theory 
requires, may increase dissociation, very much  as various terminal substitutions 
are known to do.  Combined with this influence would be that of the electrical 
polarization field at the phase boundary. 712  ACTIVATION  OF  STARFISH  EGGS  BY  ACIDS.  II 
Action of A cids in Presence of Their Salts. 
It was shown in the previous paper  1 that when Na acetate (.002 to 
.016 x~) is added to activating solutions of acetic acid (.002 to .004 ~t) 
the rate of activation is increased to a moderate degree (10 to 20 per 
cent),  in correspondence with the estimated proportional  increase in 
undissociated  acetic acid.  Experiments  with  strong  acid  (HC1)and 
Na  acetate  (added  separately  to  the  isotonic NaC1-CaCI~  solution) 
showed that the simple addition of H ions or acetate ions is ineffective, 
relatively or absolutely.  Apparently  activation  is a  consequence of 
the penetration  of the  undissociated  molecules of acid  followed by 
dissociation within  the egg.  The fact that  the  addition  of  acetate, 
which decreases the ionization  of  the  acid  in  the  external  solution, 
does not retard but on the contrary accelerates the action of the acid 
within the egg is in itself an indication of the non-penetration  (or very 
slow penetration)  of the acetate ions.  6 
Experiments performed last summer with solutions of benzoic acid 
plus  Na  benzoate  and  of salicylic acid plus  Na  salicylate  bear  out 
this  interpretation.  On  account  of  the  greater  strength  of  these 
acids,  the addition of the Na salt to their solutions causes a  greater 
proportional  increase of undissociated molecules than  in the  case of 
acetic  acid.  This  increase  is  greater  with  salicylic  acid  than  with 
benzoic acid; in correspondence with this difference, the accelerating 
effect of the addition of the Na salt was found much greater with the 
former  acid  (cf.  Fig.  1).  The  observed  acceleration  shows in  both 
cases  a  satisfactory  correspondence  with  that  anticipated  on  the 
assumption that only the undissociated molecules in the solution are 
parthenogenetically effective.  The acceleration, however, was in both 
cases greater than that calculated on the basis of the accepted dissocia- 
8 Some  years ago, in a study of the toxic action of acids on infusoria (Paramecium 
and Euplotes), Miss Collett found that after the addition of non-toxic quantities of 
thesalts of various weak acids (fatty acid, benzoic and salicylic acids) to toxic solu- 
tions of the same acids the resulting mixture was more toxic than could be explained 
by the acidity alone; and she interpreted  this result as indicating toxicity of the 
undissociated acid molecules.  In the case of salicylic acid and (in part)  benzoic 
acid toxicity was definitely increased by adding the salt.  These results also are in 
harmony with the view that only the undissociated molecules penetrate  the cell 
freely (Collett, M. E., J. Exp. Zool., 1921, xxxiv, 67). RALPH S.  LILLIE  713 
tion constants, a result probably attributable mainly to the increased 
dissociation of the acid in the presence of the neutral salt (=  0.52 
NaC1). 
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FIG.  I.  Calculated and  observed optimum  exposures to  .0004 •  benzoic acid 
(Curves I  and II) and  .0002 M salicylic acid (Curves HI and IV) in the presence 
of the Na salts of the acids.  Ordinates,  durations  of exposures at  20°; abscissae, 
concentrations of salt. 
In estimating the dissociation of relatively strong acids like salicylic 
acid, and even of benzoic acid at the low concentrations employed in 
these experiments,  it  is  necessary to  take  into  account  the  anions 714  ACTIVATION  OF  STARFISH  EGGS  BY  ACIDS.  II 
derived  from  the  acid,  as well as  those from  the  added  Na  salt,  in 
calculating  the conditions at equilibriumJ  The  CH is given by the 
ratio of the concentration of undissociated molecules of acid to that of 
the anions (from both sources), multiplied by the dissociation constant. 
Since the anions and H  ions derived from the acid are equal in quan- 
tity, the equation takes the form: 
CH  Cacid  --  C  H 
=  x  K  (~) 
• Cr~asalt +  C  a 
where C is the concentration of the component indicated by the sub- 
script,  3' the degree of dissociation  (activity)  of the salt,  and K  the 
dissociation  constant  of  the  acid.  The  solution  of  this  quadratic 
equation for CH is: 
CH  =  --  +  KCzcid  2  (2) 
The relative concentrations of dissociated and undissociated molecules 
in  the several solutions employed, as calculated  from  this  equation, 
taking 3' as 0.64 and the dissociation constants of benzoic and salicylic 
acids as 6  ×  10 -5 and 1.06  X  10  -~, respectively, are given in Tables 
XII and XV. 
Solutions of Benzoic Acid Plus Na Benzoate.--As in the series with 
acetic acid and Na acetate,  the salt was added in a  series of concen- 
trations  of the same order as that  of the acid.  The addition of the 
Na benzoate alone to the isotonic NaC1-CaCI2 solution has no activat- 
Lug effect8; its effect when added to the solution of benzoic acid is to 
be attributed solely to its influence on the state of the latter. 
Tables X  and XI give a summary of two typical series.  The benzoic 
acid was used in a concentration of .0004 u, giving complete activation 
in  14 to 16 minutes in the pure solution.  In the other solutions the 
concentrations of benzoate ranged from  .0002 u  to  .0016 ~r.  It will 
be observed that the addition of the salt increases the rate of activation 
very considerably  (from  25  to  70 per cent)  and  that  the increase is 
7Cf. Michaelis, L.,  Die  Wasserstoffionenkonzentration, Berlin, 2nd  edition, 
1922, pt. 1, 38.  Furman, N. H., in Taylor, H. S., Treatise on physical chemistry, 
New York, 1924, ii, 833. 
s The same is true of Na salicylate. RALPH S.  LILLIE  715 
relatively greater than in  the similar experiments with acetic acid; 
also that (as in the case of acetic acid) the degree of acceleration tends 
somewhat rapidly toward a  limit as  the  salt  content is  increased. 
That  the  accelerating influence of the  salt  should  be  greater with 
benzoic than with acetic acid is to be expected from the greater dis- 
sociation  of  this  acid  and  the  lower  concentration of its  effective 
solutions.  The  calculated  degree  of  dissociation  in  the  .0004  ~r 
solution, in the absence of benzoate, is 30 per cent (assuming K  = 
6  X  10-s).  If the dissociation were completely suppressed by the 
TABLE  X. 
Benzoic Acid  Plus Na Benzoate.  Temperature 20  ° (June,  1926). 
Durations of exposures  (min.)  and  percentages  of blastuke  Composition  of 
solutions  (20*) 
A.  .0004  M ben- 
zoic acid (alone) 
B.  .0004  ~t  acid 
plus. 0002 M Na 
benzoate 
C.  .0004  ~  acid 
plus. 0004  ~ Na 
benzoate 
D.  .0004  M acid 
plus. 0006  •  Na 
benzoate 
4  6 
0  0 
< 1  20-313 
<1 
Ca.1 
1-2  Ca. 5!20-30 Ca.50 
l 
t0-45 65-7C ;60-70 30-40 
! 
! 
1  I 
10-15  50-60 50-6~ iCa.50 25-35 
l 
30-4(3 50-55 50-6(3 45-50 30-35 
14  16  18 
70-80 70-80 50--0 
25-30[Ca.10  Ca., 
15-20  <1  <1 
Ca.  1  0  0 
20  22 
50--60 15-20 
Ca. 5  <1 
24 
Ca.lO 
addition of sufficient Na benzoate the concentration of undissociated 
molecules would become 100/70  of  the original,  an  increase of  ca. 
43 per cent.  This represents the limit to which increase of undisso- 
ciated acid tends as the salt is added and explains why the rate of 
activation  similarly  tends  toward  a  limit.  Table  XII  gives  the 
calculated dissociations of the added acid in the several solutions used 
(fourth  column),  together with  the  relative  concentrations of  un- 
dissociated acid, expressed as percentages of the free acid added (fifth 
column), and also (sixth column) in comparison with the undissociated 716  ACTIVATION  OF  STAR.FISH  EGGS  BY  ACIDS.  II 
acid  in  the benzoate-free solution.  The reciprocals  (×  10  4)  of  the 
latter values are also given (seventh column). 
If we assume that  the rates of activation  (the reciprocals of the 
optimum exposures) in the several solutions are directly proportional 
to  the  concentrations of undissociated acid,  the observed and  the 
expected rates of activation may be compared.  This is done in the 
two upper  curves of Fig.  1.  Curve II  shows the variation  in  the 
durations of the optimum exposures with varying concentrations of 
benzoate; the points are the approximate optimum exposures in the 
TABLE  XI. 
Benzoic  Acid Plus Na Benzoate.  Temperature  20  ° (June,  1926). 
Composition of  Durations of  exposures (rain.)  and  percentages of  blastulae 
solutions  (20  °  ) 
A.  .0004  M ben- 
zoic acid (alone) 
B.  .0004  ~r  acid 
plus. 0004  ~ Na 
benzoate 
C.  .0004  ~  acid 
plus. 0008 ~  Na 
benzoate 
D.  .0004  x,  acid 
plus. 0016 x, Na 
benzoate 
4  6  8  ]  tO  t2  14 
-0-  -0-  so-9o -- 
< 1  15-20 70-80 70-80 65-75 55-60 
1-2  30-40 Ca.50 65-75 65-75 Ca.50 
<1  130-40155-60160.701Ca.50120-30 
:a.50 20-30 Ca. 5  0 
0-40 10-15  Ca. 5  0 
5-10  0  0  0  0 
different solutions (cf.  Tables X, XI,  and Column 2 of Table XII). 
Curve I represents the reciprocals of the calculated concentrations of 
undissociated  molecules;  the  concentration  in  the  benzoate-free 
solution is given the value 100 (scale on right of figure) and is made to 
correspond with the observed optimum exposure (15 minutes) in the 
benzoate-free solution.  If the dissociation were correctly given by the 
calculation, the two curves should coincide.  It is evident, however, 
that the actual acceleration is greater in every case than that calcu- 
lated.  For example, the addition of .0016 ~ Na benzoate shortens the RALPH S.  LILLIE  717 
optimum exposure from  15 minutes  to ca.  9 minutes,  an increase  in 
the rate of activation of ca. 70 per cent, while the calculated increase 
in undissociated molecules is only 35 per cent  (cf.  Column  6,  Table 
XII).  The fact that  the rate of activation is greater than  that  esti- 
mated is, however, readily understood if we assume that the  dissocia- 
tion  of the  acid  is  increased  in  the  presence  of the  relatively high 
concentration  (ca. 0.5 M) of neutral salt2  If the  constant of benzoic 
acid is regarded as 2  ×  10 --4, instead  of  6  ×  10 -5, the  observed and 
the calculated curves agree closely.  A  similar disparity between the 
TABLE  XH. 
Activation  by .0004 ~  Benzoic Acid in Presence of Na Benzoate. 
Concentra- 
tion  of Na 
benzoate 
K 
0 
•  0002 
.0004 
.0006 
.0008 
.0016 
Durations ot 
optimum 
exposures  " 
(ca.) 
(T) 
rain. 
14-16 
(av. = 15) 
12 
10 
<10 
<I0 
8-10 
(av.9) 
Relative 
rates of 
activation 
×,0o) 
100 
125 
150 
150+ 
150+ 
170 
Acid 
dissociated 
T 
per ¢ent 
30 
21.75 
15.75 
12.25 
9.75 
5.5 
Acid 
undissociated 
(loo-~) 
~er c¢~t 
7O 
78.25 
84.25 
87.75 
90.25 
94.5 
Relative 
concentra- 
tions undisso- 
elated acid 
(100--/)100 
70 
I00 
112 
120 
125 
128 
135 
Reciprocals 
of concentra- 
tions undisso- 
elated acid 
70  ~XI04 
lO0 
89+ 
83+ 
8o 
78 
74 
observed and  the calculated rates of activation is seen in  the experi- 
ments with salicylic acid (Curves III and IV, Fig. 1) and acetic acid) 
Solutions  of  Salicylic  Acid  Plus  Na  Salicylate.--Four  series  of 
experiments with .0002 ~  salicylic acid and Na salicylate ranging from 
.0001 x~ to .0016 M were performed during June, 1926, at a time  when 
the eggs were in  good and  uniform  condition.  The results  of these 
experiments agree closely; they all show a  rapid progressive increase 
in the rate of activation with increasing addition of Na salicylate, the 
relative acceleration being decidedly greater than in the corresponding 
experiments with benzoic acid (Fig. 1) and tending more slowly toward 
9 Cf. e.g., H6ber, R., Physikalische Chemic der Zelle und  der  Gewebe, Leipzig. 
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a  limit.  Tables XIII and XIV give records of two of these series. 
In the absence of salicylate .0002 ~t salicylic acid shows an optimum 
effect at  exposures of  14  to  16  minutes.  The  addition  of  .0002  ~t 
to .0003 ~  salt approximately doubles the rate of activation; that of 
.0008 ~  to .0016 ~  increases it from four to six times.  This relatively 
great  acceleration,  as  contrasted  with  the  moderate  acceleration 
observed with acetic and benzoic acids, is in accordance with the much 
higher dissociation constant (K  =  1.06  ×  10 -~) of salicylic acid.  A 
reference to the calculated percentages of dissociation given in Table 
TABLE  XIII. 
Salicylic Acid Plus Na Salicylate.  Temperature  gO  °  (June,  1926). 
Durations of exposures  (mln.) and percentages  of blsstulm  Composition  of 
solutions  (20  °  ) 
~k.  .0002 ~ sali- 
cylic  acid 
(alone) 
B.  .0002 ~  acid 
plus  .0001 
Na salicylate 
2.  .0002 ~  acid 
plus  .0002 
Na salicylate 
D.  .0002 xi acid 
plus  . 0003 
Na salicylate 
<1: 
4  6  8  10 
0  0  I  <1  Ca.lO 
0  <1  15-20 35-40 
<1  Ca.lO 35-45 25-35 
Ca.  5 25-35  15-20 Ca.lO 
12 
Ca.20 
45-50, 
Ca.lO] 
Ca.IC 
j  ~ 
14  16  118  20 
I 
35-45 60-7C 50-60 40-5{2 
I 
Ca.10  5-10Ca.  5 Ca.  1 
Ca.lOCa.lOCa.  5  0 
Ca.  5 Ca.  1  0  0 
22  24 
20-: ~5 10- 
15 
Ca. 10 
0  0 
0  0 
XV  shows  that  the possible  increase in  undissociated molecules in 
the .0002 ~  solution is from 14 per cent (in the salt-free solution) to 
100 per cent (with complete suppression of dissociation),--/.e., about 
seven times.  The calculated increase resulting from the addition of 
.0016 ~  salicylate is 52/14,--nearly four times (Column 5, Table XV). 
The actual increase in  rate of activation is,  however, greater than 
this,--from five to six times, indicating again an increased dissociation 
of the acid in the neutral salt solution.  A similar disparity between 
the observed and the calculated rates of activation is seen in  every I~LPS  S.  LILLIE  719 
solution of the series.  Apart  from this discrepancy, which can  be 
remedied by assigning a higher value (ca. 2 X  10  -3) to the dissociation 
constant, the agreement between the observed and calculated rates of 
activation is satisfactory.  Curve IV in Fig. 1 shows the variation in 
TABLE  XIV. 
Salicylic Acid Plus Na Salicylate.  Temperature 20  °  (June, 1926). 
Composition of  Durations of  exposures (rain.)  and  percentages  of  blastulz 
solutions  (20  °) 
A..0002  M  sali- 
cylic  acid (alone) 
B.  ,0002 acid flus 
.0008  M Na  sali- 
cylate 
C.  .0002  ~r  acid 
flus  . 0016 M Na 
salicylate 
15--20 
25-30 
4 
0 
15-2(] 
! 
<8 
]  6 
I 
C'a.  1 
<5 
15-20 
10 
'30-35 
I 
I 
0 
I 
12  ]  14 
Ca.50 50--60 
0  0 
i 
i 
0  0 
! 
16 
25-30 
18 
15--20 
20 
0  0 
0  0 
2-4 
22  24 
<1  0 
0 
0 
TABLE  XV. 
Activation  by .0002 ~1 Salicylic  Acid in Presence of Na Salicylate. 
Concentra- 
tion of Na 
salicylate 
.0001 
• 0002 
• 0003 
.0004 
• 0008 
• 0016 
Durations of  Relative 
optimum  rates of 
exposures  activation 
,co,   oo)  (T)  --  X 
m/.. 
14-16 
(av.15) 
10-12 
8-10 
Ca.  6 
5-6 
3-4 
2-3 
100 
136 
167 
250 
272 
428 
600 
Acid 
dissociated 
(v) 
~er  cent 
86 
82.5 
78 
75.5 
72.5 
62.5 
48 
I 
Acid 
undissociated 
(loo-v) 
per ¢t~ 
14 
17.5 
22 
24.5 
27.5 
37.5 
52 
Relative 
concentra- 
tions undisso- 
dated acid 
(100.-7)100 
100 
125 
157 
175 
196 
268 
372 
Reciprocals 
of concentra- 
tions undisso- 
ciated acid, 
~×  Io 
100 
80 
64 
57 
51 
37-]- 
27 
the observed optimum exposures in the different mixtures; in Curve 
III  the  calculated  exposures  are  plotted,  assuming  that  they  are 
proportional to the reciprocals of the concentrations of undissociated 
acid (Column 7 of Table XV). 720  ACTIVATION  OP  STARFISH  EGGS  BY  ACIDS.  II 
General  Relations  of  External  Acidity  to  Physiological  Activity. 
The conditions under which the starfish egg is activated by acids 
are probably not peculiar to this cell, and in fact the foregoing ob- 
servations show certain significant parallels with the conditions found 
in other living systems which respond definitely to variations of ex- 
ternal  acidity.  For  example,  in  the  vertebrate  respiratory  center 
increase in the rate of physiological activity is also known definitely 
to follow increase in the external concentration of penetrating acids. 
Under the usual conditions, increase in  the external  CR  accelerates 
the  respiratory  rhythm; yet we often find experimentally  a  similar 
increase of activity even when the change of external CH is absent or 
in the opposite direction. ~°  Such facts have recently led to a modified 
conception  of  the  relation  of  acidity  to  the  respiratory  rhythm. 
Although this rhythm is still regarded as controlled by variations of 
H  ion concentration, it seems necessary to conclude that  the essential 
factor to be considered is not the CH of the external medium, but that 
existing  within  the  cells  of  the  center  themselves.  This,  however, 
is only indirectly dependent on the external CH.  Jacobs  11 has recently 
furnished clear  demonstration  that  the  CH  of  the  cell interior  may 
vary widely from that of the surrounding medium, especially when the 
latter contains the salts of weak acids or bases.  What  is true of the 
various cells where this demonstration can be made is in all likelihood 
also  true  of  the  nerve  cells  of  the  respiratory  center.  We  may 
assume that these cells, possibly deficient in buffering compounds, are 
specially sensitive to variations  of  internal  CH,  and  vary  their  rate 
of activity correspondingly. 
In the starfish egg we find conditions which in many respects are 
closely analogous with those just considered.  In pure solutions of the 
activating acid increase in acidity is followed by a closely proportional 
increase in the rate of activation.  From this fact, considered alone, 
we might conclude that the rate of activation is directly determined by 
the external CH.  But in the presence of the salts of the acid, although 
t0 For a recent discussion cf. GeseU, R., Physiol. Rev., 1925, v, 551 ; cf. p. 552 et seq. 
The effect just named is well illustrated  in Loevenhart's  work on the stimulation 
of the respiratory center  by cyanide; of. Gasser, H.  S., and  Loevenhart,  A. S., 
J. Pharmacol. and Exp. Therap., 1914, v, 239. 
11 Jacobs, M. H., Am. Y. Physiol., 1920, li, 321; liii, 457. ~Ia~r~  s.  r~ILLn~  721 
the relation of the rate of activation to the total concentration of added 
free acid is the same as before, we find a  complete independence of 
external CH.:  In fact, solutions containing a  fixed concentration of 
free acid and varying quantities of Na salt show a precisely contrary 
relation; increase in the rate of activation is then correlated not with 
increase  but  with  decrease  of  external  acidity.  The  two  cases, 
however,  are  easily  reconciled  if  we  recognize  that  activation  is 
dependent on the penetration not of the ions but of the undissociated 
molecules of  the  acid.  These  furnish  the  activating ions  by  their 
dissociation within the egg. 
Apparently only the undissociated molecules of acid penetrate freely 
into the egg; there is increasing evidence that this condition is wide- 
spread amoug living cells.  12  In cells having this type of permeability 
variations  of  intracellular  acidity,  with  corresponding  variations 
in  physiological  activity,  would  tend  to  follow  variations  in-the 
concentration of the undissociated molecules of acid or base in  the 
external medium.  This  consideration  explains  why in  the  starfish 
egg a direct correlation between external CH and rate of activation is 
found only under  those  conditions  in  which  the  concentrations of 
undissociated molecules and of H  ions are also directly correlated, as 
in the pure solutions of the acid.  In solutions containing the salt of 
the acid the correlation between CH and undissociated acid may be an 
inverse one, as in  the cases considered above:  we then  observe the 
rate  of activation  to  follow the  concentratiou of the undissociated 
molecules.  External acidity is thus, taken by itself, an uncertain and 
variable index of intracellular acidity; it is, however, the latter which 
controls the rate of the physiological process. 
Such a  view implies  that  the production of acid within  the  ceil 
would have the same physiological effect as the penetration of acid 
molecules from without.  Apparently this is what occurs in the heat 
activation of the starfish egg.  In the case of the respiratory center, 
Gesell has recently upheld strongly on both theoretical and experi- 
mental grounds the view that  the intracellular production of lactic 
a~Cf.  Osterhout, W. J. V., Y. Gen. Physiol.,  1925-27, viii, 131.  Osterhout, 
W. J. V., and Dorcas, M. J., J. Gen. Physiol., 1925-26,ix, 2S5.  Osterhout, W. J. V., 
Proc. Soc. Exp. Biol. and Med.,  1926--27, xxiv, 234.  Irwin, M., Y. Gen. Physiol., 
1926, ix, 561.  Smith,  H. W., Am. Y. Physiol., 1925, lxxii, 347; 1926, lxxvi, 411. 722  ACTIVATION  OF STAll.FISH EGGS  BY ACIDS.  II 
acid is the essential factor in the increase of respiration accompanying 
asphyxia.  1°,18  It is clear that in considering the problem of the relation 
of H  ions to cellular activity we must take into account not only the 
permeability of the cell to acids, and other features such as the buffer- 
ing capacity of its protoplasm, but also the nature and quantity of the 
acids produced in its special type of metabolism under varying con- 
ditions.  14 
SUMMARY. 
1.  Comparison of the rates of activation of unfertilized starfish eggs 
in pure solutions of a variety of parthenogenetically effective organic 
acids (fatty acids, carbonic acid, benzoic and salicylic acids, chloro- 
and nitrobenzoic acids) shows that solutions which activate the eggs 
at the same rate, although widely different in molecular concentration, 
tend to be closely similar in CH.  The dissociation constantsr of these 
acids range from 3.2  ×  10 .7 to 1.32 ×  10 -3. 
2.  In the case of each of the fourteen acids showing parthenogenetic 
action the rate of activation  (within the favorable range of concen- 
tration) proved nearly proportional to the concentration of acid.  The 
estimated CH of solutions exhibiting an optimum action with exposures 
of 10 minutes (at 20  °) lay typically between 1.1  ×  10  .4 ~  and 2.1  × 
10-4  ~s  (pH  =  3.7-3.96),  and  in  most  cases between  1.6  X  10  -4 ~r 
and  2.1  X  10 .4  ~r  (pH  =  3.7-3.8).  Formic  acid  (CH  =  4.2  X 
10 .4 ~) and o-chlorobenzoic acid (CH =  3.5  X  10 .4 M) are exceptions; 
o-nitrobenzoic acid is  ineffective, apparently because of  slow  pene- 
tration. 
3.  Activation is not dependent on the penetration of H ions into the 
egg from without, as is shown by the effects following the addition of 
is Gesell, R., Science,  1926,  Ixiii, 58; Am. J. Physiol., 1923,  lxvi, 5.  McGinty, 
D. A., and Gesell, R., Am. J. Physiol., 1925-26, Ixxv, 70. 
~4 Warburg and his associates have recently shown  that various types 0f car- 
cinoma cell are characterized by an unusually high production of lactic acid, under 
both anaerobic and aerobic conditions  (Warburg,  O., Posener,  K., and Negelein, 
E., Biochem. Z., 1924, clii, 309).  They infer that the transformation of the normal 
resting tissue cell into the rapidly proliferating cancer cell is dependent on a change 
from the normal metabolism to an  acid-producing or glycolytic type.  The accu- 
mulation of add within the cell would thus be the condition activating cell division 
in tumor-producing tissue cells as well as in the starfish egg. RALPI~  S.  LILLIE  723 
its  Na salt  to  the solution of  the activating acid  (acetic,  benzoic, 
salicylic).  The rate of activation is increased by such addition, to a 
degree indicating that the parthenogenetically effective component of 
the external solution is the undissociated free acid.  Apparently the 
undissociated molecules alone penetrate the egg freely.  It is assumed 
that,  having penetrated,  they dissociate in the interior of the egg, 
furnishing there the H ions which effect activation. 
4. Attention is drawn to certain parallels between the physiological 
conditions controlling activation in the starfish egg and in the verte- 
brate respiratory center. 